Adriamycin adsorbs strongly and irreversibly onto surfaces and this enabled electrochemical detection of in situ adriamycin oxidative damage to DNA. The adsorption of adriamycin onto glassy carbon and highly oriented pyrolytic graphite (HOPG) electrodes was studied by voltammetry and mode atomic force microscopy (MAC). At a glassy carbon electrode (GCE), the adsorbate has similar voltammetric behaviour to adriamycin in solution, which enabled the cyclic, differential pulse and square wave voltammetric study of the electron transfer reaction. The total surface concentration of adriamycin adsorbed onto GCE, from a 50 nM adriamycin solution during 3 min, was calculated to be 2.57)/10 (12 mol cm (2 . The oxidation of adsorbed adriamycin is pHdependent and corresponds to a two electron/two proton mechanism, and the detection limit for adriamycin adsorbed onto the GCE was 3.33)/10 (10 M. In situ AFM images show quick and spontaneous adsorption of the adriamycin onto a HOPG surface. Adriamycin forms a stable monolayer when adsorbed from different concentrations of adriamycin solutions and for short adsorption times. The strong and irreversible chemisorption of adriamycin onto carbon electrodes enables detection limits of the order of picomolar, which is much lower than the detection limits attainable by voltammetric methods for most organic compounds. #
Introduction
Adriamycin is an antibiotic of the family of anthracyclines with a wide spectrum of chemotherapeutic applications and antineoplasic action but causes very high cardiotoxicity that ranges from a delayed and insidious cardiomyopathy to irreversible heart failure [1] . Adriamycin is the commercial name for doxorubicin hydrochloride [5,12-naphthacenedione, 10 -[(3-amino-2, 3, 6-trideoxy-alpha-L-lyxo-hexopyranosyl)oxy]-7, 8, 9, 10-tetrahydro-6, 8, 11-trihydroxy-8-(hydroxylacetyl)-1-methoxy-, hydrochloride(8S-cis )] (Scheme 1).
Although the antitumour properties of adriamycin have been known for more than 30 years [2] , pharmokinetic and biochemical studies to establish its mechanism of action and improve its administration and anticancer activity are still an important goal. There is experimental evidence that adriamycin can promote oxidative damage to double-stranded DNA (dsDNA) in cancerous cells through the generation of reactive oxygen species [3 Á/6] , that adriamycin and analogous anthracycline compounds interact with dsDNA through intercalation [1,7 Á/10] and that adriamycin actively accumulates in the nuclear genome [11] .
Interactions of several substances with dsDNA have been successfully studied using a recently-developed voltammetric DNA-biosensor [12, 13] . This DNA-biosensor allowed the clarification of not only the specific interaction of some drugs with a certain DNA base but also of the electrochemical mechanism of the interaction [13] .
Adriamycin intercalation and in situ interaction with double helix DNA was also investigated using the voltammetric DNA-biosensor [14] . The results showed that adriamycin can undergo oxidation or reduction after being intercalated into the DNA double helix. A mechanism proposed for adriamycin reduction and oxidation in situ when intercalated in double helix DNA immobilised onto the glassy carbon electrode (GCE) surface showed preferential interaction with the guanine moiety and leads to the formation of the mutagenic 8-oxoguanine [15] .
Detection and quantification of adriamycin in organic fluids or cells is thus very important. Electroanalytical methods are inexpensive, fast, and can be automated, and appropriate voltammetric methods can allow direct measurements on biological samples with very little or no sample pre-treatment. This is an enormous advantage when compared with other analytical techniques. Electroanalysis has been used to quantify adriamycin in biological fluids with low detection limits (10 (8 Á/10
Carbon paste electrodes were used to study the reduction and oxidation of adriamycin [18] . It was found that the oxidation of the 6,11-dihydroquinone functionality is reversible, occurs at '/0.5 V versus saturated calomel electrode (SCE) (at pH 4.5) and is also pH-dependent. Adriamycin adsorbed very strongly and irreversibly onto carbon paste, whilst retaining its characteristic electroactivity in the adsorbed state and this allowed the application of the electroanalytical method to direct determinations in urine samples [19] .
This strong and irreversible adsorption of adriamycin on carbon paste electrodes is also observed at GCE and at highly oriented pyrolytic graphite (HOPG) and will be described in the present paper.
Atomic force microscopy (AFM) can bring important information about the adsorption, nucleation and growth of biological compounds at solid surfaces. Magnetic alternating current mode AFM (MAC mode AFM) is a technique that permits the visualisation of the molecules stacked on the surface by soft interactions [20] . The AFM tip oscillates as it scans the sample, touching the sample surface only at the bottom of the oscillation. MAC mode uses a solenoid placed under the sample to oscillate the magnetically coated AFM tip directly. Because there is no need to drive the cantilever holder, cantilever chip and solution as in tapping mode, the control of the cantilever increases considerably, which enables operation at smaller oscillation amplitudes. The lateral forces are better eliminated so the tip does not push the molecules out from the surface of the HOPG.
This paper is concerned with the study and characterisation of the oxidation mechanism of adriamycin adsorbed onto a GCE surface using cyclic, differential pulse and square wave voltammetry, in buffer supporting electrolytes at different values of pH. The adsorption of adriamycin onto HOPG was investigated by in situ MAC mode AFM.
Experimental

Reagents
Adriamycin (doxorubicin hydrochloride, 2 mg ml (1 solution) was obtained from Pharma-APS, and used without further purification. Solutions of different concentrations of adriamycin were prepared by direct dilution of the appropriate volume in acetate, phosphate, or borate buffer according to the pH desired.
In all cases buffer electrolyte solutions of ionic strength 0.1 M were used and were prepared using analytical grade reagents and purified water from a Millipore Milli-Q system (conductivity B/0.1 mS cm (1 ).
Apparatus
All voltammetric experiments were done using an mAUTOLAB running with GPES version 4.7 software from Eco-Chemie, Utrecht, The Netherlands. A one compartment electrochemical cell with a volumetric capacity of 5 ml was used containing a GCE (d0/6 mm) as the working electrode (WE), a Pt wire counter electrode (CE), and a SCE as the reference.
The experimental conditions unless stated otherwise were: cyclic voltammetry (CV), scan rates varying from 1 mV s ( ORIGIN (version 6.0) from Microcal Software was used for the presentation of all the experimental voltammograms and graphs reported in this work. When needed, the experimental voltammograms were smoothed using a SavitskyÁ/Golay smoothing algorithm.
CHEMDRAW ULTRA and CHEM3D PRO (version 5.0) from Cambridge Soft Corporation were used to draw the structure of the adriamycin molecule. The critical volume and the dimensions of the adriamycin molecule were calculated using CHEMDRAW ULTRA based on the Joback fragmentation method and CHEM3D PRO respectively.
Adriamycin adsorbed layer
The adsorbed layer of adriamycin was prepared by immersing the GCE in solutions of different adriamycin concentrations, to be specified for each experiment, in pH 4.5 0.1 M acetate buffer electrolyte solution, for 3 min, followed by thorough cleaning of the electrode with a jet of deionised water. The electrode was then transferred to the chosen electrolyte buffer solution and the voltammetric measurements were done immediately.
In the AFM experiments the solutions of adriamycin were placed in the AFM cell and the adriamycin was left to adsorb to the HOPG surface over periods from 30 s to 3 min. The HOPG with adsorbed adriamycin was cleaned with a jet of Milli-Q water and transferred into pH 4.5, 0.1 M buffer acetate solution for imaging.
Results and discussion
Anodic voltammetry of adsorbed adriamycin
Voltammetric experiments performed with the GCE using adriamycin solutions led to great difficulty in cleaning the electrode surface. This indicated a very strong and irreversible adsorption of adriamycin onto the GCE surface. Under the electrochemical conditions used, saturation of the electrode surface can be seen for a concentration of 9.0 )/10 (7 M adriamycin in buffer solution (Fig. 1) .
In order to investigate the irreversible chemisorption of adriamycin onto the GCE cyclic, differential pulse and square wave voltammetry experiments were performed.
Differential pulse voltammograms obtained in a 1 mM adriamycin pH 4.5 0.1 M acetate buffer electrolyte solution and after adsorption as described in the Section 2, are overlaid in Fig. 2 . This comparison shows no identifiable differences between the first voltammograms obtained with adriamycin in the bulk solution and those obtained from adriamycin adsorbed on the electrode surface. Similar behaviour was obtained even when adriamycin was adsorbed onto the GCE surface after deposition of 3 min from pH 4.5 0.1 M acetate buffer electrolyte adriamycin solutions with lower concentrations of 10 (10 Á/10 (9 M (Fig. 9 ). The same experiment of Fig. 2 was performed using square wave voltammetry (Fig. 3) , and no appreciable decrease on the first scan for the net current curve of the adsorbed layer of adriamycin was observed. Moreover, the identical value for the peak potential ( Fig. 3(a) ), for both forward and backward currents is an clear indication that charge transfer is mostly due to adsorbed adriamycin onto the GCE surface [21] . From this square wave voltammogram the reversible character of the electron transfer oxidation reaction of adriamycin can be seen, in bulk solution as well as on the adsorbed layer. This shows that adriamycin adsorbed very strongly and irreversibly onto glassy carbon, whilst retaining its characteristic electroactivity in the adsorbed state.
Effect of pH on oxidation of adsorbed adriamycin
The peak current for the oxidation of adsorbed adriamycin onto the GCE is strongly dependent on the pH of the supporting electrolyte. Consecutive scans in pH 4.5 acetate buffer electrolyte solution, using differential pulse voltammetry (Fig. 4) , showed a continuous, but slow, decrease in the peak current. However, a much more rapid decrease of the adriamycin oxidation peak current was observed when the electrode with the adsorbed layer was immersed in a pH 10.0 borate buffer electrolyte solution (Fig. 4) . This is due to desorption of adsorbed adriamycin in alkaline solution. Values for the oxidation peak currents, of adsorbed adriamycin, for successive scans at pH 4.5 and 10.0 are given in Table 1 in which the values are compared with I p,a 0/5 mA, the value obtained for the peak current for 1 mM adriamycin in pH 4.5 0.1 M acetate buffer solution. Immersing the electrode in pH 10.0 was found to be the best procedure to clean the electrode.
The effect of pH on the oxidation peak potential, E p,a , of adriamycin adsorbed onto the GCE surface was studied in appropriate 0.1 M buffer supporting electrolytes, for a wide range of pH values (Fig. 5) . Adsorption of adriamycin onto the GCE surface was carried out for 3 min from a 300 nM adriamycin solution in 0.1 M pH 4.5 acetate buffer electrolyte. After adsorption the electrode surface was thoroughly washed with deionised water and the voltammetric measurement for each pH was done immediately. The oxidation of adriamycin is pH dependent and since the dashed line ( Fig. 5(a) ), corresponds to 61 mV per unit of pH, the oxidation of adsorbed adriamycin involves the same number of electrons and protons. In Fig. 5(b) are differential pulse voltammograms of adsorbed adriamycin obtained for different pH values. The value for I p,a obtained in pH 4.5 0.1 M acetate buffer electrolyte solution is the highest and desorption was slower as is shown in Fig. 4 . It was considered that the total amount of adsorbed adriamycin remained constant during the voltammetric measurements in pH 4.5 acetate buffer and so these conditions were used in all subsequent experiments.
Characterisation of the electrode process of adsorbed adriamycin
Cyclic voltammograms recorded for adriamycin adsorbed onto GCE for scan rates, y , between 1 mV s Table 2 ). The symmetry of the wave shape for the current Á/potential curve and the linear dependence of I p,a with y is characteristic of reversible charge transfer for adsorbed species in which the contribution of solution-resident species is negligible [22 Á/27]-the electrode was in supporting electrolyte alone with no adriamycin in solution. The small increase of the current peak width at half height, W 1/2 , and of anodic and cathodic peak separation with the scan rate ( Table  2) can be attributed to slow charge transfer kinetics [24] . The slight asymmetry between the experimental voltammograms obtained and those predicted by the theory for adsorbed species [25] stems from background supporting electrolyte interactions and from the non-ideal behaviour of adsorbed species.
No appreciable variation of the peak potential and a good linear dependence of I p,a with y was observed for 1 mV s (1 5/y 5/500 mV s (1 (R 0/0.999), corresponding to no diffusional limitations [28] . This is shown in the plot of oxidation peak current, I p,a , for different values of y (Fig. 8(a) ).
For high scan rates of y /500 mV s (1 a greater variation of the peak potential was found and no linear dependence of I p with y (Figs. 7 and 8(b) ). Fig. 8(b) shows the transition from a reversible to an irreversible system on increasing the sweep rate.
This deviation from linearity could also be explained by considering the effect of very high scan rates on the peak current due to uncompensated resistance [23] . The fact that the cathodic peak current increases more than the anodic with increasing scan rate could be attributed to a faster rate for the cathodic process of the quasireversible mechanism. For very high values of scan rate it is found that adjustments of the theory may be necessary [22, 24, 25] .
For the lowest scan rate, y 0/1 mV s (1 , W 1/2 is equal to 45 mV so the number of electrons transferred is equal to 2. Considering the slope of the plot of peak potential versus pH (Fig. 5(a) ) it can be concluded that two electrons and two protons are exchanged during the oxidation of adriamycin. The oxidation mechanism deduced is presented in Scheme 2.
Calculation of adriamycin concentration on the glassy carbon surface
As was shown for a very low scan rate of y 0/1 mV s (1 (Fig. 6 (curve a) ), the wave shapes for the anodic and the cathodic peak are symmetrical, there is no separation between anodic and cathodic peaks, and the ratio I p,a /I p,c is equal to 1. This is typical for irreversibly adsorbed organic substances with reversible charge transfer kinetics [22 Á/27] . It also means that the energy of both the reactant and the product is similar. Because desorption at pH 4.5 is quite slow, we can neglect the small fraction of molecules that will dissolve and diffuse from the electrode surface. So the electrode process corresponds only to the charge transfer kinetics of the irreversibly chemisorbed adriamycin.
Glassy carbon is an isotropic material and so all the active sites on the electrode surface can be regarded as equivalent. Based on the results in Fig. 1 , Langmuir isotherm behaviour can be considered for the formation of a sub-monolayer of adsorbed material, with lateral interactions between adsorbed species being negligible; no processes involving solution-resident species can occur as there is no adriamycin in solution. For y lower than 10 mV s (1 , the equation:
enables the calculation of the total surface concentration of adriamycin, G adr , adsorbed onto the glassy carbon surface [22 Á/27] . The determination of the total surface concentration of adriamycin, G adr , adsorbed onto a GCE surface that was immersed in a 50 nM adriamycin solution for 3 min, was done using Eq. 1, and the data presented in Table 2 . Substituting the number of electrons transferred n 0/2, the surface area of the GCE A 0/0.9 cm 2 and the scan Adsorption time 3 min. a Calculated from equation 1 using anodic peak currents. b Calculated from equation 1 using cathodic peak currents. rate y 0/1 mV s (1 , a total surface concentration of adriamycin of G adr 0/2.57 )/10 (12 mol cm (2 , or 1.5 )/ 10 12 molecules per cm 2 , is obtained.
Atomic Force Microscopy characterisation of adsorbed adriamycin
The glassy carbon surface is rough and has high irregularities. For AFM studies, it is necessary to have an atomically flat substrate to resolve the molecular adsorbed layer clearly so that the characterisation of adriamycin adsorption by MAC mode AFM imaging was performed using HOPG. The HOPG electrode presents a root mean square (RMS) roughness of less than 0.06 nm compared with the GCE with a RMS roughness of 2.10 nm, as calculated from typical 1000 )/ 1000 nm scan size contact AFM images in air of HOPG and glassy carbon, respectively. MAC mode AFM is a technique that allows the visualisation of the molecules that are attached at the electrode surface by soft interactions. The adsorption of adriamycin molecules at the HOPG surface proceeded very fast and MAC mode AFM images confirmed the capacity of adriamycin molecules to adsorb spontaneously.
Adriamycin molecules adsorb freely at the HOPG surface after immersing the HOPG for fixed times into solutions of different concentrations of adriamycin, 1 nM, 50 nM and 1 mM, in pH 4.5 0.1 M acetate buffer electrolyte. The in situ MAC mode AFM imaging of adriamycin adsorbed onto the HOPG surface, like the voltammetric experiments in glassy carbon, was performed in pH 4.5 0.1 M acetate buffer electrolyte solution. Adriamycin films formed on HOPG were very stable in time, in agreement with the electrochemical results previously obtained with the GCE.
After 30 s free adsorption from a 1 nM adriamycin solution, the adriamycin molecules preferentially attached near the step edges of the HOPG surface. Aggregates with dimensions between 70 and 120 nm diameter and approximately 0.7 nm height were observed ( Fig. 9(A) ). Considering the dimensions of an adriamycin molecule with a critical volume of 1368.50 cm 3 mol (1 , these aggregates correspond to a monolayer of close-packed adriamycin molecules. When the HOPG is left for 3 min in the same solution, the adriamycin aggregates grow and cover the HOPG more uniformly (Fig. 9(B) ).
A two-dimensional topographic image with corresponding three-dimensional representation, Fig. 10(A  and B) , shows that the adriamycin film formed onto HOPG after 3 min free adsorption from a 50 nM adriamycin solution has a broken aspect. The height of the film, 0.689/0.1 nm is similar to the height of the adriamycin aggregates formed at lower concentration, which confirms that the aggregates have grown to form a monolayer.
Differential pulse voltammetric results (Fig. 1) demonstrated that when a 1 mM concentration of the adriamycin in solution was used the surface of the GCE was saturated with adriamycin molecules. After 3 min free adsorption from 1 mM adriamycin solution, the AFM images showed a complete coverage of the HOPG surface ( Fig. 11(A, B and C) ).
The images revealed large, flat terraces of several hundred nanometers width, sometimes larger than 1 mm and the thickness of the adriamycin film was 0.79/0.1 nm as measured in by section analysis inside the images (Fig. 11(D) ). The thickness of the monolayer calculated from the AFM images is equal to the expected dimensions of the adriamycin molecule perpendicular to the aromatic rings of approximately 0.8 nm. This leads to the conclusion that the adriamycin molecules have the planar aromatic rings lying flat on the surface (Scheme 2), bonding by hydrophobic interaction with the hydrophobic carbon surface. The side groups of the adriamycin molecules can also form additional hydrogen bonds to the surface. However, in MAC mode AFM images obtained for the adriamycin layer adsorbed at this high concentration, differences in the film height of 1.559/ 0.15 nm could be also observed sporadically, which suggest the initiation of the formation of a second layer of adsorbed adriamycin molecules.
Electroanalytical determinations
The fact that adriamycin chemisorbs strongly and irreversibly on the electrode surface maintaining its electroactive behaviour, enables the voltammetric detection of unusually low concentrations of adriamycin.
A differential pulse voltammogram ( Fig. 12 curve a) , was obtained for 1)/10 (10 M adriamycin in pH 4.5 0.1 M acetate buffer electrolyte solution. Differential pulse voltammograms for standard additions of adriamycin solutions corresponding to bulk concentrations between 0.1 and 1 nM in pH 4.5 0.1 M acetate buffer electrolyte solutions, are shown in Fig. 12(a) . Good linearity was found between peak current and concentration described by the equation I p,a /A 0/3.20 )/10 (9 '/18.95 [Adr]/M (R 0/0.997, n 0/10, S.D. 0/4.98 )/10 (10 ). This allowed attaining a detection limit of 7.88 )/10 (11 M to be attained, based on three times the noise level [29] .
After recording the differential pulse voltammograms at each concentration of adriamycin in solution, the glassy carbon with adsorbed adriamycin was transferred to buffer electrolyte solution, being first thoroughly washed with a jet of deionised water. The peak currents obtained by differential pulse voltammetry for adsorbed adriamycin, Fig. 12(b) , showed good linearity, described by the equation I p,a /A 0/5.13 )/10 (9 '/5.53 [Adr]/M (R 0/0.946, n 0/10, S.D. 0/6.08 )/10 (10 ), and a detection limit of 3.30 )/10 (10 M. The strong and irreversible adsorption of adriamycin onto GCE, allowed detection limits 10 000 times lower than the usual limits for voltammetric methods for most organic compounds. The detection limit of the order of 10 (11 M presented in this paper for adriamycin is the lowest reported in the literature for this substance using voltammetric methods.
Conclusions
The detection limit of the order of 10 (11 M for adriamycin confirms the valuable use of voltammetry to detect trace amounts of strongly adsorbing electroactive drugs in biological fluids. The development of voltammetric biosensor based devices is foreseen to study the mechanism of interaction and interfacial phenomena between drugs, such as adriamycin, and crucial biological targets as membranes, proteins, and nucleic acids.
The spontaneous adsorption of adriamycin molecules at carbon surfaces was demonstrated by electrochemistry at glassy carbon and by in situ MAC mode AFM images on HOPG surfaces, both obtained in acetate buffer electrolyte. The monolayer films obtained were stable with time, covering almost the entire surface, which suggests a strong interaction between the adriamycin molecules and the carbon surfaces via hydrophobic interaction and hydrogen bonding. 
